Declining worldwide crude oil reserves and increasing energy needs have the attentions focused on developing existing unconventional fossil fuels including oil shale. America's richest oil shale deposits are found in the Green River Formation of western Colorado, eastern Utah and south-western Wyoming. The current work describes process simulation of an ex-situ oil shale pyrolysis process in a pyrolytic reactor using a novel method involving external and internal heating to increase heat transfer and mixing ratio inside the reactor. Efforts to improve process yield for commercial operation relies on first developing a complete Aspen based process model of a proposed shale refining plant, identifying the key process parameters for the reactor and then optimizing the overall process. Simulation results are compared to earlier experimental data collected from a pilot scale rotary reactor operated by Combustion Resources Inc. (CR). This work identified the critical impact of bed temperature on crude production in such a way that for a bed temperature of less than 400°C, results showed less than 10% conversion in crude production and for bed temperatures between 450 and 500°C, above 90% conversion was achieved. The proposed model consists of four zones including drying, shale reactions, natural gas combustion and gas/oil recovery. Different cases were defined and studied based on various operational conditions. Optimized operational values for the key parameters including reactor temperature, reactor volume and feed rate were given as results to maximum shale oil production.
I. INTRODUCTION
Oil shale is a sedimentary rock which under a high temperature process in a very low controlled amount of oxygen called "pyrolysis" starts to devolatilize a combustible fuel gas called "synthesis gas" which further could be converted to liquid fuel or a variety of useful chemicals in a chemical refinery. Kerogen has a high hydrogen-to-carbon ratio, giving it the potential to be superior to heavy oil or coal as a source of liquid fuel [1] . Shale breaks into thin pieces with sharp edges. It occurs in a wide range of colours that include: red, brown, green, grey, and black [2] . Three different samples of shale are shown in Fig 1. In ex-situ process, oil shales are mined and crushed to fine particles before processing as shown in Fig 2 [3] . Oil shale is spread across the world. United States of America has the highest deposit of oil shale [4] as shown in Fig 3 [5] . This hydrocarbon resource represents a major energy reserve and can increase U.S. energy security and support sustained economic growth. Various extraction processes have been developed but none yet has been commercialized to produce synthetic crude from oil shale deposit. Australia's attempt to commercialise oil shale plant has been through the This study shows how changing reactor parameters would affect the overall performance of oil shale processing, and it is based on simulation of the ex-situ process of oil shale by an indirectly heated rotary reactor at CR Inc. facility in Provo, UT [11] . Combustion chamber consists of air inlets and natural gas nozzles. Energy released from natural gas combustion process is transferred to reactor by convection and conduction heat transfer. In the drying zone of the reactor, crushed raw shale particles (< 2 mm) are mixed with recycle stream of spent shale which act as a heat carrier. Spent shale as a by-product, is heated to (300-600°C). The spent shale could be used as granular fill or sub-base in cement industry [9] . Experimental results at the CR pilot plant concluded that the residence time decreases with increased mass flow, but not substantially. Also, it was observed that having a constant heat duty from combustion resource, increasing the feed rate led to lower spent shale temperature and lower shale oil conversion percentage [10, 11] .
The United States Government and Environmental Protection Agency (EPA) are planning to regulate high carbon dioxide tax to control green gas house emission in power plants. When the reactor is operating below a certain temperature, the release of CO2 from carbonates for green river basin oil shale is very low [12] . Increase in the reactor temperature slightly above this specific temperature would produce significantly more CO2, thus it is important to study how bed temperature affects the release of CO2. CR process is known to release <10% carbon dioxide and is shown in Fig 6 [10 
II. ASPEN MODEL
Aspen Simulation was used to model the exsitu oil shale process and optimize the reactor parameters to achieve higher yield. Drying zone, shale reaction zone, combustion zone and oil/gas recovery zone were simulated separately and finally integrated into one model as shown in Fig 7. 
Drying Zone
Green river oil shale typically consists of 1-2% moisture by weight. Due to low moisture content, the heat duty required for drying zone is not comparable to reaction zone. A heater and a water vapour separator describe the drying section with the heat duty provided from the natural gas combustion zone. The duty from the natural gas burner was split between the drying zone and reaction zone using F-Split. The splitter ratio was set in such way that there was no moisture content in the oil shale feed stream into pyrolysis reactor. The parameters which control the flash separation in the heater are pressure and heat duty. Pressure drop was set to zero and heat duty was controlled by natural gas consumption rate. Before entering the pyrolysis reactor, oil shale feed stream typically has a temperature range between 370 and 400K.
Shale Reaction Zone
Reaction zone is the essence and core of oil shale process. Oil shale typically has 20% hydrocarbon, 1-2% moisture and the rest consists of carbonaceous minerals. There are two kinds of reactions taking place in reaction zone. One is the pyrolysis where the Kerogen is converted into light gas and heavy oil. The other one is the decomposition of minerals which is a major contributor to carbon dioxide emission.
In shale. n = reaction order =1. 4 The production of gas, oil, and char from Kerogen pyrolysis is calculated by means of stoichiometric factors, as shown below [2] : R = f. R(k) (3) f = stoichiometric factor of (kg product/ kg .s) R = reaction rate (kg product/m 3 .s) Since hydrocarbon reaction model is not pre-defined in Aspen plus, the model was written in FORTRAN subroutine [15] . The Stoichiometry for the reaction components were modified and are shown in Table 3 [4]. The mineral reactions for the above inorganics defined in Table 3 are given as follows: Analcite: NaAlSi2O6. H2O  NaAlSi2O6 + H2O (4) Siderite: 3FeCO3  FE3O4 + CO + 2CO2 (5) Illite: K(Al2)(Si3Al)O10(OH)2  KAlSi3O8 + Al2O3 + H2O (6) High Temperature Reactions Dolomite: CaMg(CO3)2  CaCO3 + MgO + CO2 (7) Calcite: CaCO3  CaO + CO2 (8) Mineral reactions are thermal decomposition reactions so, it was desired to find the temperature range which results in minimum carbon dioxide emission. The mineral reactions were thermodynamically modelled using Gibbs reactor. Reaction equilibrium was calculated based on minimizing Gibbs free energy. Both mineral and pyrolytic reactors were maintained at same temperature in each case. Using a component splitter, the products exiting the pyrolytic reactor were separated into two streams called hydrocarbon gas and non-hydrocarbon gas which include H2S, NH3, CO and CO2. The HC gases were transported to a recovery section whereas the rest of gases are sent into the mineral decomposition reactor. In real 
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Natural Gas Combustion and Spent Shale Recycle Stream
The energy required for pyrolysis reaction is provided by the natural gas burners. To simulate that, natural gas was premixed with air and sent to combustion chamber to produce thermal energy for oil shale reaction and drying zones. In addition to heat, carbon dioxide and water are the other products of natural gas consumption. To reduce the cost of natural gas consumption and further carbon dioxide emission, one approach was to recycle the spent shale back to the reactor as a heat carrier to increase heat transfer and also the mixing ratio in raw feed stream. The amount of spent shale recycled was an important factor which was very much dependent on of the feed flow rate and volume of the reaction zone (reactor).
Oil/Gas Recovery Section
To extract shale oil from produced hydrocarbon gas, an oil recovery section was modelled. In this section, a flash separator was used with a temperature of 300K to do the condensation process. After condensation process, almost 80% of hydrocarbon gas went to liquid and rest were light gases. The flash separator has three outlets: 1. light gas, 2. shale oil, and 3. water.
III. SIMULATION RESULTS
The results of the simulation are presented below in four different cases, each one having different controlled and manipulated variables to find the optimum value for the desired responding parameter. The objective of this run was to find the optimum reactor bed temperature for the oil shale process. We defined the optimum point here as the point of maximum shale oil production at comparatively minimum carbon dioxide emission. Kerogen conversion occurs between 600K and 873K so, reactor temperature was varied between 600K and 1273K for this case. Even though both reactors were simulated separately, but their temperatures were always kept identical. The heat duty required for the reactors determined the rate of natural gas consumption in combustion block. Therefore, sensitivity analyses were performed in Aspen to obtain the rates of shale oil production, light gas production, natural gas consumption and total carbon dioxide emission (from shale pyrolysis, mineral decomposition and natural gas combustion) corresponding to the change in reactor temperature. Results are shown in Fig 8. Since the pyrolysis reaction was kinetically modelled in Aspen therefore, it was a function of temperature. As shown in Fig 8, it is noticeable that the Kerogen conversion increased from 600K to 900K and became steady and after 900K.
Case
The carbon dioxide emission on the other hand had more critical points. The largest contribution of carbon dioxide came from calcite and dolomite decomposition. Excluding carbon dioxide produced from natural gas combustion, the rate of carbon dioxide emission only from reaction zone (shale pyrolysis and mineral decomposition) is shown in Fig 9. The two critical points were at 673.15 K and 1098.15K which first point is where the dolomite decomposition started and 1098K is where the calcite decomposition occurred. Calcite decomposition typically occurs between 1133K and 1283K [4] . The dolomite decomposes to calcite which further decomposes to CaO and CO2 at 1098.15K. This is why a sudden jump is observed at 1123.15K. According to Fig 8 which represents the data in Table 1 in Appendix A, the optimum temperature for maximum oil production (2.35 tpd) at reasonably low CO2 emission (4.91 tpd) was found to be 873K (600℃). The objective of this run was to find the optimum feed rate for a given reactor volume. The volume was fixed as 0.05 m 3 and the temperature considered to be the optimum temperature found from results of case 1, 600℃. Feed rate of raw shale changed from 5 to 50 tpd with a step change of 5 tpd. As feed rate increases, residence time goes down but as far as enough heat is supplied from combustion block, the conversion remains the same and shale oil production increases proportionately. This, in reality is possible but limited. What actually happens is when the feed rate is increased, the required heat duty increases as well but natural gas burners have limited capacity to supply heat. So, the limit for heat duty was assumed to be 1.46E6 BTU/hr. It was observed that the above chosen heat duty was sufficient to keep the reactor temperature constant at 600℃ for a feed rate of 25 tpd.
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As feed rate goes beyond 25 tpd, the shale oil production increases accordingly if there is no constraint on heat duty. To consider the limited capacity of natural gas burners, heat duty was fixed at 1.46E6 BTU/hr and simulation were run for different flow rates. As shown in Fig 10, the shale oil production increased with as feed rate was increased. When feed rate reached 40 tpd, there was a decline in the shale oil production due to very low reactor temperature. Having a constant heat supply, as feed rate went up, pyrolysis reactor temperature started to decrease as shown in Fig 11. Since both pyrolysis and mineral reactors had to be maintained at the same temperature, the ASPEN calculated temperature for pyrolytic reactor was recorded in each run and applied to the mineral decomposition reactor. This also provided a good estimation of the CO2 emission. Based on the results, the optimum feed rate for a reactor volume of 0.05m 3 and maximum heat supply of 1.46E6BTU/hr, was 40 tpd, where reactor temperature was 455℃ and shale oil was produced at a rate of 2.68 tpd.
In case 1, the optimum reactor temperature was obtained for a fixed reactor volume and a constant feed rate. In case 2, the optimum flow rate was achieved for a fixed reactor volume, constant reactor temperature, and a limited heat supply. Next, is to find the best combination of reactor temperature and feed rate to maximize shale oil production for a fixed volume reactor with limited heat supply, which is discussed in case 3. 
46E6 BTU/hr
The procedure for case 3 was similar to case 2 instead, for each temperature, different feed rates were assumed to find the best treatment combination of temperature and feed rate which provides us the maximum shale oil production. Results are shown for separate temperatures in Fig  12. At 350°C, shown in Fig 12(a) , the shale oil production peaked at 0.3 tpd which is very low. At 400°C, shown in Fig 12(b) , shale oil production climbed to 2.2 tpd. This showed, 50°C rise in temperature had an enormous impact on shale oil production but, other noticeable factor was the reduction in the feed rate at the peak point. In Fig  12(a) , the shale oil production peaked at 100 tpd feed rate but in Fig 12(b) the peak happened at feed rate of 80 tpd. As the temperature increases, the shale oil production increases while the feed rate decreases to meet the limited heat supply. As emphasized above, the temperature is a crucial factor. It was concluded that shale oil production peaks at a point where the temperature is maximum for provided energy. Hence, given an energy supply constraint to the system, there is an optimum point for temperature and flow rate at which shale oil production maximizes. After analysing all the data regarding case 3 presented in Tables 3, 4 , 5, 6, 7 and 8 in Appendix A, it was concluded that for a 0.05m3 reactor volume and a maximum heat duty of 1.46*E6 BTU/hr from natural gas burner, the maximum shale oil production was 2.68 tpd for a combination of 40 tpd shale feed rate and reactor temperature of 458°C. The objective of case 4 was slightly different from others. Since the reactor volume cannot be changed or be optimized once the plant is built, case 4 was focused on designing the size of the reactor before fabrication. In a situation where we are going to build a new oil shale reactor, the most important constrain that needs to be identified is maximum energy supply. As in previous cases, a natural gas burner was considered which can provide a maximum heat duty of 1.46E6 BTU/hr to the reactor. Another parameter which should be in a reasonable range is the feed rate. Using results from case 2, the feed rate was fixed at 40 tpd. The reactor temperature was set at 450°C. Maximum shale oil production with minimum reactor volume were the desired unknown results in this case. The shale oil production gradually increased as the reactor volume increased. Once, the heat duty limit was reached, increasing the reactor volume resulted in decrease in the temperature. Shale oil production was not increasing significantly after this point. So, as shown in Fig 13, the optimum reactor volume was 0.07 m 3 with a shale oil production of 2.80 tpd. It was also observed that as the reactor volume was increased at maximum heat duty, the reactor temperature started to decrease but the shale oil production was still increasing. Now in this situation, cost is another important factor to be considered. Larger reactors means more material and more cost. Also, the rate of increase in shale oil production slowed down after heat supply limit was reached. In this case, to find the optimum reactor size, the price of products (shale oil, light gas and spent shale) and the cost of material to build the reactor have to be known. 
Case 4:
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IV. CONCLUSION
Oil shale process model developed in Aspen presented the optimum operating parameters for maximum process yield. The single reactor equipment was simulated in four different zones separately. The Model Analysis Tool in Aspen has been used extensively to find the optimum operating conditions. Four different cases were studied to find the best treatment combination of important factors controlling process yield.
The first case investigated the reactor bed temperature where focus was more on temperature range of kerogen conversion and carbon dioxide formation with no limit on heat supply. As a result, the optimum reactor temperature was obtained in case 1 as well as a very good estimation of a range of working temperature considering the mineral decomposition reactions.
In case 2, the best feed rate for maximum shale oil production was found for a given reactor volume with limited heat supply having the optimum reactor temperature found from case 1. The shale oil production increased with increase in feed rate until the heat supply limit was reached.
After this point, shale oil production went down due to the decrease in the reactor temperature. Case 3 was designed to find out the best optimum combination of reactor temperature and feed rate for maximum shale oil production for a given reactor volume with limited heat supply where the procedure for case 2 was repeated for different reactor temperatures. It was concluded that for a 0.05 m 3 volume of reactor and a heat duty of 1.46*E6 BTU/hr from natural gas burner, the optimum temperature was 458°C and the corresponding optimum flow rate was 40 tpd.
The effect of the volume of the reactor on the shale oil production for a constant feed rate with limited heat supply was studied in case 4. For reactor volume of 0.05 m 3 and flow rate of 40 tpd the shale oil yield was 2.68 tpd, but at 0.075 m 3 volume where the heat duty limit was reached, the shale oil production had a 5% increase to 2.8 tpd. 
